The mammalian immune response to infection is mediated by 2 broad arms, the innate and adaptive immune systems. Innate immune cells are a first-line defense against pathogens and are thought to respond consistently to infection, regardless of previous exposure, i.e., they do not exhibit memory of prior activation. 
T
he mammalian immune system has evolved to comprise both innate and adaptive immune responses to efficiently control the vast array of pathogens encountered daily. Although the adaptive system provides long-lasting specific immunity, the first line of defense against pathogens is the innate immune system. Indeed, defects in innate immunity, including natural killer (NK) cells, often lead to uncontrolled, fatal infections (1) (2) (3) . NK cells are innate lymphocytes capable of recognizing and killing target cells and producing immunoregulatory cytokines, especially IFN-␥ (4). In concert with other members of the innate response, NK cells are important for the initial control of many viral and bacterial pathogens (5) (6) (7) . Unlike adaptive T and B lymphocytes, NK cells do not somatically rearrange their receptor genes, but rely upon a finite number of germ line-encoded inhibitory and activating NK receptors capable of recognizing MHC class I and class I-like molecules (8, 9) . Engagement of self-MHC class I by inhibitory NK receptors prevents NK cell killing of normal cells, and NK cell activity is dictated by a complex integration of signals from both inhibitory and activating NK receptors (10) . There are a few examples of NK receptors that recognize specific antigens, most notably murine Ly49H, which recognizes the virally-encoded ligand m157 (11) . However, the overall NK receptor repertoire is very limited. Thus, under many circumstances NK cells use other activation signals, including dendritic cell-derived cytokines (12, 13) .
One classical distinction between innate and adaptive immunity is the limitation of immunologic memory to adaptive T and B lymphocytes. Memory has 2 primary features, antigen specificity and an amplified response upon subsequent antigen exposure. Cellular components of the innate immune system have a small repertoire of recognition receptors and are thought to react in a similar manner upon repeated stimulation. However, a prior study suggests that NK cells may exhibit memory-like properties, because they were shown to mediate a haptenspecific contact hypersensitivity-like reaction in mice lacking T and B lymphocytes (14) . The mechanism of NK cell activation is unclear in this model and whether the observed memory-like property is intrinsic to the NK cell is unknown. When considering the possibility of a memory-phenotype among innate immune cells, such as NK cells, it is important to note that current concepts of memory are built upon studies of adaptive immune lymphocytes, which recognize a limitless number of antigens. However, does this definition of memory confine its functional consequence, i.e., the capacity to respond more robustly upon repeated stimulation, only to antigen-specific immune cells?
In the current study, we explored whether NK cells exhibit innate immune memory with more robust responses upon restimulation. NK cells are short-lived in culture (15) , and an inability to maintain them long-term in vitro without high-doses of cytokines has made it technically challenging to assess their potential to exhibit memory because they cannot revert to a resting state in vitro. Herein, we used an in vivo adoptive transfer system to study NK cell responses to reactivation. We found that activated NK cells return to what appears to be a quiescent state after transfer into naïve hosts. However, NK cells with a history of prior activation by cytokines display an intrinsic capacity to respond more robustly after reactivation with cytokines or via engagement of activating NK receptors. These studies suggest an ability of NK cells to retain memory of prior activation, indicating that innate immune cells can have memory-like properties.
( Fig. 1B and Fig. S2 ) and cytokine receptors CD122 (IL2/15 R␤ chain), IL-15R␣, IL-12R␤1, and CD127 (Fig. 1C ). In addition, we did not observe a preferential expansion of CD27 hi NK cells (Fig. 1B) , a subset of cells known to have an enhanced capacity for cytokine production (16) . Similar percentages of preactivated vs. control donor-derived CFSE ϩ NK cells were found in the spleen and liver, whereas a higher percentage of preactivated NK cells than control NK cells trafficked to the lymph nodes 7 days after adoptive transfer (Fig. S3) . Interestingly, NK cells with a history of prior activation proliferated in vivo ( Fig. 2A) whereas control-treated cells did not (40.5% v. 6.3% of recovered cells proliferated). We did not observe any additional proliferation between 7 and 22 days, suggesting that previous activation with cytokines is responsible for early NK cell proliferation independent of continued activation. Otherwise, there was no obvious distinguishing phenotype of previously-activated NK cells.
Previously Activated NK Cells Respond More Robustly to Reactivation 1 to 3 Weeks Later. NK cells activated with IL-12 ϩ IL-18 produce abundant IFN-␥ at the time of adoptive transfer into naïve Rag1 Ϫ/Ϫ mice, but 7 days after transfer these previously-activated donor NK cells do not spontaneously produce detectable IFN-␥ protein (Fig. 2B) . However, these cells respond more robustly upon restimulation with cytokines (IL-12 ϩ IL-15, Fig. 2 C and  D) or via engagement of activating NK cell receptors (Ly49H and NK1.1) with plate-bound antibody ( Fig. 2 E and F) . By comparison, unactivated control-transferred cells had a response similar to endogenous host NK cells.
This was an NK-intrinsic effect because there was no difference in IFN-␥ production by host NK cells from mice that received previously-activated NK cells versus recipients of control NK cells. In addition, transfer of activated NK cells sorted by flow cytometry (Ͼ97% purity) rather than enriched NK cells resulted in similar findings (Fig. S4A ). An enhanced capacity for IFN-␥ production by previously-activated NK cells persisted for at least 3 weeks after transfer (Fig. S4B) , suggesting this is a long-lived response considering that the half-life of NK cells is Ϸ7 days (17) . Thus, cytokine activation of NK cells leads to differentiation of cells with the capacity to respond more robustly upon restimulation, a key attribute of immunologic memory, suggesting that these are memory-like NK cells.
Interestingly, the length of time of the initial NK cell activation had an effect on both in vivo proliferation and subsequent capacity for IFN-␥ production. NK cells initially activated for only 5 h before adoptive transfer did proliferate in vivo and respond more robustly to restimulation as compared with control-treated NK cells, however, this response was less robust than cells preactivated overnight (Fig. S5 ). These data suggest a time of activation effect, whereby NK cell memory-like responses are proportional to the length of time of the initial activation. Alternatively, an increased activation time may allow for a higher percentage of NK cells to differentiate into memory-like cells. Because NK cells cannot survive overnight in vitro without IL-15 (15), we were also able to test the requirement for low-dose IL-15 in the differentiation of memory-like NK cells with this 5-hour preactivation. Our results demonstrate that NK cells preactivated with IL-12 ϩ IL-18 with or without low-dose IL-15 for 5 h had an enhanced capacity to produce IFN-␥ and proliferated 7 days after adoptive transfer into wild-type C57BL/6 hosts ( Fig. S5 ).
Prior Activation of NK Cells Does Not Result in Enhanced Cytotoxicity.
To determine whether memory-like NK cells are also more cytotoxic, we evaluated expression of granzyme B, a protein necessary for NK cell killing, in memory-like and controltransferred NK cells at 7 days. Neither population of NK cells expressed granzyme B protein (Fig. 3A) , suggesting that these cells are not especially cytotoxic (18) . Indeed, when donor memory-like and control NK cells and host NK cells were sorted by flow cytometry 7 days after adoptive transfer and tested for their ability to kill YAC-1 targets, all 4 groups of NK cells exhibited similar cytotoxicity (Fig. 3B) . Thus, memory-like NK cells acquire a selective capacity to produce IFN-␥ but do not constitutively up-regulate the machinery to kill and are no more cytotoxic than control NK cells.
Capacity for Enhanced NK Cell IFN-␥ Production Is Not Related to a
History of Proliferation and Is Passed on to Daughter Cells. One potential mechanism for enhanced NK cell IFN-␥ production by memory-like NK cells is the possibility that cellular division allows for transcriptional or epigenetic changes. This possibility predicts that enhanced cytokine-secretion would only be seen in those cells with a history of proliferation. To test this, we identified parental (generation 0) and daughter generations (generations 1-3) of preactivated NK cells based on CFSE dilution and analyzed each population for IFN-␥ production after restimulation (Fig. 4) . Similar percentages of IFN-␥- producing cells were seen among previously-activated NK cells that had never proliferated as compared with those that had undergone up to 3 divisions. Thus, the robust IFN-␥ response of memory-like NK cells is not dependent on proliferation and is an intrinsic property of this NK cell population, which appears to be passed on to subsequent generations.
Discussion
In this study we demonstrate that based on a prior experience, NK cells can fundamentally change the way they respond to later activation, a memory-like property. NK cells with a history of prior cytokine activation have an NK-intrinsic, enhanced capacity to produce IFN-␥ upon restimulation that is not dependent on proliferation. These findings do not rule out the potential for antigen-driven NK cell memory, but strongly suggest it is not required for this memory-like property. Previously-activated NK cells do not spontaneously produce cytokines 1-3 weeks after adoptive transfer. However, these NK cells produced significantly more IFN-␥ protein when restimulated 1-3 weeks later as compared with control-treated NK cells. Memory-like NK cells were induced here by culture with IL-12 and IL-18 in the presence of low-dose IL-15 as a survival factor, a stimulation that results in Ͼ90% of cells producing IFN-␥ before adoptive transfer. Several groups have recently shown that freshly isolated NK cells are poorly cytotoxic and do not spontaneously produce cytokines without ''arming'' or ''priming'' via signals from IL-15 during infection or endogenous IL-18 (18) (19) (20) . However, our findings suggest that cytokine-activation of NK cells that leads to NK cell IFN-␥ production results in long-term changes in the original NK cell and daughter cells that were never exposed to high doses of cytokine in vitro. Thus, based on prior activation, we propose that NK cells can differentiate into a stable memory-like state, whereby the subsequent behavior of an NK cell is changed, a process distinct from short-term arming/priming during an infection.
Cytokine-activated NK cells showed slight differences in trafficking and proliferated in vivo after removal of IL-12 and IL-18 and adoptive transfer into naïve hosts, suggesting that NK cells receiving activation signals during a local infection might traffic to other, noninflamed sites, and subsequently proliferate. It is possible that we were unable to detect some NK cells due to proliferation and CFSE dilution, resulting in the inclusion of these cells among the host NK cell pool. However, this technical issue does not alter the conclusions of this study because identification of these cells would have enhanced the memorylike effect. Moreover, these cells were likely to be few in number as they did not change the response of the host NK cell pool. Regardless, proliferation per se was not required for differentiation of memory-like NK cells as we observed similar percentages of NK cells producing IFN-␥ in parental and daughter generations after restimulation. These data suggest that the mechanism of generating NK memory-like properties does not require the NK cell to enter cell cycle and is heritable. This aspect is in contrast to CD4 ϩ T cells, in which proliferation was associated with an enhanced capacity to produce IFN-␥ protein mediated by epigenetic modifications (21) . NK cell production of IFN-␥ appears to be regulated at the posttranscriptional level. Using an IFN-␥ reporter mouse, Stetson et al. (22) demonstrated that NK cells express IFN-␥ transcript, but not protein, during early development in vivo. The mechanism of NK cell posttranscriptional regulation of IFN-␥ is unclear (23) , but may provide a means for NK cells to rapidly produce protein when needed. Indeed, NK cell activation with high doses of IL-15 was shown to release a translational block of perforin and granzyme B mRNAs allowing translation of preformed mRNAs and subsequent protein production (18), suggesting that posttranscriptional regulation may be a common mechanism of controlling NK cell function. Consistent with this possibility, we did not detect any differences in the amount of IFN-␥ transcript in memory-like NK cells compared with naïve host NK cells (Fig. S6) , indicating that excess IFN-␥ transcript is not responsible for memory-like NK cell function. Thus, further elucidation of the mechanisms of NK cell IFN-␥ regulation may also shed light on the mechanism underlying the phenotype of memory-like NK cells.
The innate immune system has increasingly been recognized to be more intricate and sophisticated than simply a primitive response blindly firing during infection. For example, innate immune cells can orchestrate specific immune responses to infection by recognition of pathogens through germ line encoded receptors such as toll-like receptors (TLRs) (24) . In addition, studies by Kurtz and Franz have revealed specific memory by the innate immune system of invertebrates (25, 26) . Here, we have discovered another layer of complexity to the innate immune response with the finding that NK cells can develop memory-like properties based on prior activation. These amplified NK cell responses are likely important during the early response to pathogens and it may be possible to boost the NK cell response to subsequent infection by stimuli that result in the memory-like NK cell phenotype.
Our data have a number of broader implications. By inducing a permanent and heritable change, the process of memory-like NK cell differentiation might result in a population of experienced NK cells with enhanced function not dependent on constant stimulation. A related possibility is that the potential pathogens encountered by the host on a regular basis may serve to differentiate and continually renew a pool of memory-like NK cells that have enhanced responses to infectious challenge. Inasmuch as NK cells are innate immune cells, perhaps other immune cells similarly respond more robustly after initial exposure to stimuli. For example, cytokine production by dendritic cells may be more efficient in those cells that had been previously stimulated. For adaptive immunity, our studies also suggest that part of the amplified response by T memory cells could be due to processes that may resemble those that regulate the memorylike NK cell response. In other words, robust T memory responses may be due to T cell receptor-independent factors that may be distinguishable from antigen-specificity per se. Interestingly, memory CD8 T cells were protective against Listeria monocytogenes infection without regard to antigen but rather in response to early, innate, IL-12 and IL-18 production (27) , suggesting that antigen-specificity is not always required by memory lymphocytes. Finally, our findings may lead to development of new therapeutics that can harness the potential of inducing more robust responses to augment pathogen defenses or throttling autoimmune phenomena. Consequently, our finding of memory-like NK cell function may be more broadly applicable to understanding of adaptive and innate immunity.
Materials and Methods
Mice. B6.129 Rag1 deficient (Rag1 Ϫ/Ϫ ) mice were purchased from The Jackson Laboratory and bred at our institution. Mice were housed in specific pathogen free conditions and were used in accordance with institutional guidelines for animal experimentation. All mice were used between 6 and 12 weeks of age. Cytokine Stimulation Assays and Intracellular Flow Cytometry. Splenocytes from adoptive transfer hosts were cultured with IL-12 (10 ng/mL) ϩ IL-15 (100 ng/mL) for 4 h or plate-bound antibody, anti-Ly49H (clone 3D10, 5 g/mL) or anti-NK1.1 (clone PK136, 5 g/mL), for 8 h. Brefeldin-A was added after the first hour, and at the end of the culture IFN-␥ protein was measured by intracellular flow cytometry gating on total donor (CFSE ϩ NK1.1 ϩ ) or host (CFSE Ϫ NK1.1 ϩ ) NK cells as described in ref. 29 .
Antibodies and Flow
Granzyme B Intracellular Flow Cytometry. Splenocytes from adoptive transfer hosts were isolated and immediately surface stained for NK1.1 followed by fixation and permeabilization (BD PharMingen) and intracellular staining for granzyme B with anti-granzyme B (clone GB12, Caltag). NK cells from Rag1 Ϫ/Ϫ mice activated in vitro with high-dose IL-15 (100 ng/mL) for 48 h served as a positive control for granzyme B staining (18) .
Cytotoxicity Assays. Donor-derived and host NK cells were purified by flow cytometric sorting (Siteman Cancer Center High Speed Cell Sorter Core) as NK1.1 ϩ CFSE ϩ or NK1.1 ϩ respectively and used as effectors in killing assays as described in ref. 30 . Briefly, 5 ϫ 10 3 YAC-1 targets were labeled with 51 Cr (as Na2CrO4) and incubated for 4 h with the sorted effectors at the indicated effector to target (E:T) ratios.
Statistical Analysis and Flow Cytometric Analysis. Student's t test was used for statistical analyses between 2 groups and a 1-way ANOVA test was used to compare 3 or more groups with P Ͻ 0.05 considered significant. All flow cytometric analysis, including proliferation analysis, was performed with FlowJo software (Tree Star).
